Shadowgraphic imaging was employed to investigate the mid-IR laser induced heat transfer through a double layer thin film. The effect of thin metal coat on the polymer film enhanced the transfer of heat and shock waves due to rapid thermal expansion and the explosive evaporation of the thin fluid layer. Sixty two percent of deposited heat expended for water enthalpy and 38% for other factors. A power of 8.8 kW was launched at the surface of aluminium. The thermal coupling of 45% further reduced the input energy to the film and the non-adiabatic heat diffusion (i.e., 0 T A X δ  ) was transmitted instantaneously within the metal with very small loss. The temperature at the surface of the film was determined ≈301 K, well below the aluminium melting point. The Biot number showed that the metal as single layer and the whole film as double layer satisfies the thermally thin film (i.e., 0.1  ). Considering the Newtons's law of cooling, the overall film heat transfer coefficient was found 3 k W·m 
on-line quality control [1] [2] [3] [4] [5] [6] . Also, the applications of cavitation bubbles, shock waves and liquid jet impinging on the tissue have generated much interest in biomedical research [7] [8] [9] [10] . Depending on the laser intensity and pulse duration, the heating process can be classified as conduction limited or non-conduction limited heating. In the former case heating substrate material remains in the solid phase while phase change (melting and vaporization) occurs in the latter. For metals and metal-like materials, three mechanisms are generally referred to when considering thermal processes: Normal vaporization, normal boiling and explosive boiling (or phase explosion). For nanosecond laser pulses, the region of normal vaporization gives way to phase explosion with increasing laser fluence when the irradiated matter approaches the thermodynamic critical point [4] [6] .
In recent times a great interest has been shown in under water laser processing due to number of interesting features such as better process efficiency, quality and faster processing. For example, enhanced adhesion of metal films on polyethylene terephthalate (PET) using KrF excimer laser [11] , investigation of shock waves generated by XeCl excimer laser ablation of sheet polyimide confined in water [12] , irradiation of solid targets in water with Nd:YAG laser to fabricate
Ag, Au, Ni and Cu nanoparticles [13] and interaction of IR laser with metal targets in water to investigate the process involved in the treatment [14] and drilling thin film sheet [15] . It is known that at low level powers, the laser can be a valuable analytical tool, which allows one to investigate the material properties without damaging the material or changing the properties. One such application is to fabricate thin films as crucial component for various applications such as multilayer microelectronics, optical devices and micro-actuators in micro-electromechanical devices. Lasers have been used to investigate the spallation of thin film [16] and the hydrodynamic instabilities of Al and Au thin metal melts [17] . The concept and understanding the mechanism of heat transfer through metallic and non-metallic thin films has a crucial role in number of scientific, engineering and biomedical applications. Heat transfer and fluid flow are of great importance and interest in scientific research and one of the fundamental issues which has been the center of focus is the transient temperature field developed during pulsed laser processing particularly in the case of thin films where the damage possibility is a main concern, though the main objective is determined by the application. Since, thin films can be in the form of a single, double and multilayer, thus the problem can be further complicated by number of layers and that each requires a careful analysis. For example, removal of superficial layer without damaging the underneath substrate or in the case of la- ser-induced shock waves in water using an interferometric method [18] , UV laser ablation of thin metal films by fast photography [19] , laser polymer ablation by shadowgraphy [20] , the heat transfer in fluid by optical methods [21] , IR thermography to study the heat transfer [22] , LIFT in thin films using shadowgraphy [23] , the laser-driven nanopowders using shadowgraphic technique [24] heat transfer in water using schlieren technique [25] and imaging the metal thin film ablation by dynamic TEM [26] . Based on the previous works and the apparently the lack of information in literature on imaging of both sides of a thin film during IR laser heating, the purpose of this research is to describe the results of laser-induced heat transfer through a double layer aluminized coated Polyethylene terephthalate (PET) thin film under water utilizing shadowgraphy technique.
Experimental
The experimental setup is shown in Figure 1 ferred is maximum, the film was slightly tilted and pushed away due to the radiation pressure and momentum transfer which then it returns to its original position afterwards.
Results
To study the effect of heat transfer at a distance, the film was moved to about 1 mm away from the fibre tip, Figure 5 and although the distance was randomly selected, it however indicates that no bubble cavitation is formed at the rear side at this distance indicating the absence of heat transfer. Clearly, for more accurate conclusion in this respect, a detailed measurement and analysis is required. Figure 6 demonstrates the variation of bubble diameter at both sides of the film as a function of time. The greatest diameter is achieved at 50 μs in both cases where it begins to decrease at longer time intervals due to decrease in internal energy of vapor gas molecules against the external pressure to thermodynamically maintain the amount of work done p. δV. Therefore, according to first 
Discussion and Analysis

Fibre-Water Volume Element
The interaction of laser beam (Gaussian mode in our case) with liquid and hence its following consequences depends largely on the laser wavelength and type of liquid as they govern the degree of absorption of laser beam, which to first approximation is assumed to behave according to Beer's-Lamberts law within the medium i.e., α β  ( ) ( ) which corresponds to a power of P ≈ (I 0 α w )δV ≈ 8.8 kW.
Now, if a thin layer of liquid is evaporated in a short timescale by the absorption of laser energy, the increase in pressure on the surface will give rise to shock wave which then will propagate into the thin film. The formation of bubbles proceeds with a front velocity smaller than the shock wave velocity in the medium. Note that the input heating power is divided between number of factors involved in the interaction process mainly to bring the water temperature to boiling point, enthalpy of water (ΔH ≈ 2252 kJ/kg), superheating, heating the 
Substituting the above values and Γ ≈ 0.1 as the Gruneisen constant for water [29] and f  0.5 a factor that depends on the precise laser pulse shape in Equation (1) gives σ T ≤ 7 × 10 4 Pa i.e., the thermoelastic stress is relatively small due to fact that stress relaxation by the propagation of an acoustic wave across the heated zone occurs on timescale that is much smaller than 400 ns laser pulse 
where V i is the initial vapor volume at the early stage of growth and t is time.
The maximum velocity when P i  P o where P i and P o are the initial and atmospheric pressure respectively, is given by [30] ( )
where γ = 4/3 and at d d 0
gives maximum when
using ρ = 1000 kg/m 
where R m ≈ 1.4 mm is the maximum bubble radius (at 50 μs), P 0 is the water atmospheric pressure, P b is the pressure in fully expanded bubble and taking P b /P 0 ≤ 2.7 × 10 −2 it gives τ c ≈ 100 μs. This is clearly, higher than the experimentally observed value i.e. 50 μs seen in Figure 6 , which is accounted on the difference between the experimental and theoretical values. Also, the instability of the cavity during the collapse phase is consistent with the onset of the Rayleigh-Taylor instability for a curved liquid-gas interface [30] . Once, the bubble reached to its maximum radius the velocity of the bubble wall and hence the liquid falls to zero and the potential energy E p of the cavity can be found from the work done on the water [18] :
It yields a value of ≈ 1.1 mJ  2.6 mJ of calculated value at the fibre tip. The difference can be explained by the difference in enthalpy of water in expanded vapor and some contribution due to heat conduction loss to the fibre tip and also some acoustic waves energy.
Fibre-Film
1) Thermal coupling:
Laser-metal surface interaction depends on the laser beam parameters; such as laser wavelength and pulse power density. In addition, the metal thermal and mechanical properties including microstructure, chemical composition, thermal conductivity and absorption are crucial factors. The interaction results are also affected by the surrounding medium. During the interaction process some energy is absorbed by resistive losses e.g. electron-phonon while the remainder is reflected. A longitudinal wave as an elastic wave with high irradiance can carry and redistribute radiation momentum through the film while it propagates.
However, this to a larger extend depends on the dimensionless thermal coupling coefficient, η t which in the case of IR radiation is relatively low,
where density ρ = 2700 kg/m −3 , specific heat capacity c = 900 J·kg , temperature at water boiling point T = 373 and the input laser energy E ≈ 2.6 mJ (after interaction with the water volume element described above). Using these values in Equation (10) gives η t ≈ 4.4 × 10 −3 (0.44%  1) i.e., only 1.2 mJ equivalent to 1.5 × 10 10 W·m −2 is now coupled to the surface of film. However, the intensity falls to e −1 (37%) of its original value at skin depth calculated by [31] ( ) 
where ξ is water surface tension and by integrating the Equation (12) we obtain the corresponding power (W = J/s) ( ) ( )
2) Surface temperature:
The next step is to determine the temperature distribution which in turn produces stresses and strain elastic waves. Assuming that the incident power is sufficiently low such that it only raises the surface temperature without melting it and since in our case α A ϕ f  1, therefore, the laser acts as a plane transient heat source. The absorbed energy in small element of area dA is
where R and C are the aluminium specific heat capacity and radiation reflection from the surface. The temperature distribution across the surface is the same as the energy density distribution in the optical pulse. For 1-D treatment we have ( )
, , , 1 ). From Carslaw and Jaeger, the solution of Equation (15) is Schematic representation of heat transfer through the thin film is shown in Figure 7 .
The amount of heat produced at the surface (T1) is transferred to the back of aluminium film at (T2) by parabolic Fourier heat conduction where the heating occurs instantaneously is given by
For Q A ≈ 1.2 mJ, ΔT ≈ 2 × 10 −6 ˚C. By definition this implies that T1 ≈ T2 due to high conductivity and being thermally thin film so that there is virtually no heat loss. This is justified by the fact that Biot number (i.e., the ratio of the  0.1, therefore, the overall film is also considered thermally thin. Finally, it is suggested that the work can be extended to nano or microscale possibly in conjunction with embedded nanoparticles within thin films or in the form of coated films where the mechanism of heat transfer is expected to be different to a bulk film. Figure 8 . Calculated time-resolved heat transfer through the film. The maximum value occurs at 10 μs which then gradually decreases as the ratio of volumes is reduced.
Conclusion
Mid-IR laser was used to study the heat transfer through metal-polymer film using shadowgraphy technique. The growth and collapse of cavitation bubble from fibre tip in contact with film demonstrated the heat transfer through the film with corresponding bubble volume. As distance increased to about 1 mm, no heat transfer was observed. In our case, the Biot number in both the single aluminium layer and metal-polymer double film was less than 0.1. Therefore, in both cases the overall film is considered as thermally thin. The thermal coupling of radiation was less than 1 and that temperature at the surface of metal was far below its melting temperature. The practical application of such situation plays a key role in number of scientific, engineering and biomedical applications.
